Temperature dependences of transverse dielectric permeability of KH 2 PO 4 crystals under different values of hydrostatic pressure have been investigated. Within the framework of a tunnelling mode model, the dipole interaction energy and the tunnelling energy are suggested to be determined using the temperature position of the dielectric permeability kinking point. From the temperature dependences of the dielectric permeability ε a (T ) under various pressures, the pressure dependences of these values are derived.
Introduction
The first-order phase transition of the order-disorder type in KH 2 PO 4 (KDP) crystals is related to proton ordering in hydrogen bonds lying in the ab plane of the tetragonal lattice structure [1] . Spontaneous polarization along the crystallographic orientation c is caused by ion displacements normal to the plane, in which the hydrogen bonds lie. Thus, the structure of KDP crystal at the phase transition is changed both along the orientation of spontaneous polarization and normal to it.
The studies of the behaviour of longitudinal dielectric permeability along the orientation of spontaneous polarization show that in the paraelectric phase the dependence ε a (T ) obeys the Curie-Weiss law with the constant C w = 2.91 · 10 3 K [2] . The temperature dependence of the dielectric permeability under atmospheric pressure with the orientation normal to P s , was investigated in [3, 4] . The ε a (T ) dependence was observed to undergo a step at the phase transition temperature. It was shown [4] that from the studies of the transverse dielectric susceptibility one can obtain information on the main parameters of Blinc -de Gennes [5] microscopic model for this crystal: the values of the dipole interaction energy J(0) and tunnelling energy Γ which at the atmospheric pressure for KDP crystals are 204 K and 185 K, respectively. Here we report the studies of the effect of hydrostatic pressure on the transverse dielectric permeability of KDP crystals and the derived pressure dependences of the tunnelling energy and the dipole interaction energy.
Results
The temperature dependence of dielectric permeability ε a of KDP crystal under atmospheric pressure at the measuring field frequency 1 kHz is shown in figure 1 . This dependence possesses three characteristic features: a step of dielectric permeability at the phase transition temperature T c = 122 K, a maximum at the temperature T max = 130 K (see the insert to figure 1 ) and a kinking point of dielectric permeability at T f = 172 K. The temperature dependences of transverse dielectric permeability under various hydrostatic pressure values are shown in figure 2 . With the pressure increase, the ε a (T ) dependence shifts to lower temperatures. The pressure dependences of the values T c , T max , T f are shown in figure 3 . The pressure increase to 6.5 kbar causes a linear decrease of these temperatures with the coefficients:
The existence of a maximum of dielectric permeability at T > T c was also observed in other antiferroelectric crystals such as KMnF 3 , NH 4 H 2 AsO 4 [6] . However, in NH 4 H 2 AsO 4 crystals, the increase of the external pressure value causes the broadening of the temperature range between T c and T max , while for KDP, the difference in the pressure coefficients of the phase transition temperature T c and the temperature of maximal dielectric permeability T max causes the decrease of the T max − T c difference with pressure. 
Discussion
A relation, describing the temperature dependence of transverse dielectric susceptibility for KDP-type crystals in the paraelectric phase was obtained in [4] :
where J(0) is the dipole interaction energy in the mean-field approximation, N is hydrogen bond concentration, µ 2 is the dipole moment along the a-axis. Based on equation (1) and using the relationship between J(0), Γ and the phase transition temperature T c
the authors of [4] suggested that the unknown values of J(0) and Γ can be determined using the experimental dependences of ε a (T ). At T T c equation (1) can be given by
which permits the value of µ 2 to be found from the slope of the experimental curve. But the nonlinear character of this dependence causes the ambiguity of the derived µ 2 value. The highest accuracy can be achieved from the µ 2 phase transition temperature. However, at high temperatures, the conductivity of the samples increases, which induces additional uncertainty to the determination. From the known value of µ 2 and transverse dielectric susceptibility at the phase transition temperature χ (4) the dipole interaction energy J(0) was derived. However, as shown in the insert in figure 1 , the dependence ε a (T ) has an anomalous character at T max > T c , not being described by equation (1) . Therefore, the value χ −1 a (T c ) and, hence, the dipole interaction energy J(0) are also derived with some approximation.
The analysis of equation (1) shows that the dependence has a kink in the paraelectric phase, being clearly revealed in the experimental curves. This feature of the temperature behaviour of the transverse dielectric permeability can be used for deriving J(0) and Γ energies in the simplest way. The position of the kinking point can be found from the condition ∂ 2 χ a /∂T 2 = 0:
From equations (5) and (2), one can determine the unknown values of tunnelling energy and dipole interaction energy, using the temperatures of the phase transition and the kinking point of ε a (T ) dependence, which can be easily derived from the experimental data. The approach proposed to obtain the parameters of the Blinc -de Gennes theory for KDP crystals has a number of advantages. First, there is no necessity to use the ε a (T ) dependences far from the transition temperature, where, besides the increase of the sample conductivity, high-temperature anomalies of the dielectric permeability can be observed [7, 8] . Second, the knowledge of the dielectric permeability value at the transition temperature and the dipole moment value µ 2 is not required. Third, the temperature positions of the phase transition and the kinking point of the ε a (T ) plot are independent of the accuracy of determining the absolute value of dielectric permeability.
Thus, based on the experimental studies of ε a (T ) dependences, the values of tunnelling and dipole interaction energies were derived, their values at atmospheric pressure being J(0) = 207 K and Γ = 190 K, respectively, which are close to those derived in [4] . The pressure dependence of these values is shown in figure 4 . The increase of the external hydrostatic pressure causes the decrease of both values with the coefficients ∂J(0)/∂p = −6.8 K/kbar, ∂Γ/∂p = −5.9 K/kbar.
The values of the tunnelling energy and the dipole interaction energy depend on the distance between two potential minima along the hydrogen bonds, along which protons move. Since the pressure increase causes the decrease of this distance, the tunnelling energy value should increase and the dipole interaction energy should decrease [9] . It was expected that the pressure change of the tunnelling energy should essentially exceed the pressure change of the dipole interaction energy. However, Raman studies [10] have shown that the decrease of the dipole interaction energy with pressure is three times greater than the tunnelling energy increase. Such a behaviour of these parameters was related to the pressure-induced rotation of PO 4 -groups around the fourth-order axis and to the temperature change of the tunnelling energy [11] .
As follows from figure 4 , the pressure behaviour of the dipole interaction energy, deduced from transverse dielectric permeability studies, confirms the theory. However, the tunnelling energy value decreases with pressure. This situation may be related to the unsatisfactory description of the experimental temperature behaviour of the transverse dielectric permeability by equation (1) . The fact that the temperature dependence of the tunnelling energy has been neglected is very important as follows from [11] . Hence, further experimental studies of KDP-type crystals are required in order to elucidate the role of the hydrogen bond length in the phase transition mechanism as well as the role of piezoelectric effect and electrostriction, which is significant for the crystals of this group [12, 13] . Having this in view, the experimental studies of the effect of hydrostatic as well as of uniaxial stresses in various directions on the anisotropy of fundamental physical properties for KDP-type crystals are important indeed.
Conclusion
From the studies of the temperature dependences of transverse dielectric permeability in KDP crystals under various hydrostatic pressures, the pressure dependences of the phase transition temperature, the temperature of maximal dielectric permeability and the temperature of the of ε a (T ) plot kinking point are derived. The increase of the hydrostatic pressure causes the decrease of these parameters. The difference of the pressure coefficients of the phase transition temperature and the temperature of maximal dielectric permeability causes the decrease of the difference T max − T c . The values of the tunnelling energy and the dipole interaction energy are suggested to be determined using the temperature position of the kinking point of the ε a (T ) dependence. The calculation results show the decrease of the tunnelling energy and of the dipole interaction energy with pressure, while the earlier investigations show the increase of Γ value with pressure [10] . This discrepancy is related to the difference in the theoretically calculated and experimental behaviour of the transverse dielectric permeability in the vicinity of the phase transition in the paraelectric phase as well as to the fact that the temperature dependence of the tunnelling energy has been neglected.
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